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HIGHLIGHTS 


• Mass loss is an excellent indicator of the severity of torrefaction has been proposed. 

• Investigate the influence of torrefaction on the physiochemical properties of EFB, PMF and PKS. 

• Calorific value and elemental analysis performed to study physicochemical properties. 

• Mass loss, mass yield, energy yields, CHNS content, 0/C ratio, calorific value is studied. 
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In this work, the change of properties of empty fruit bunches (EFB), mesocarp fiber (PMF) and kernel shell 
(PKS) of oil palm when subjected to torrefaction process is reported. The properties include CHNS con¬ 
tent, gross calorific value (GCV), mass and energy yields. These oil palm residues are torrefied at 200, 
220 and 240, 260, 280 and 300 °C, respectively for duration of 2 h. In general, it has been found that 
the GCV and carbon content increase with the increase of torrefaction temperature but the O/C ratio, 
H and O content decrease for all residues. Also, we have shown that there are linear relationships 
between the mass loss with GCV and C content suggesting that it can be used as an indicator to monitor 
the severity of torrefaction process on these oil palm residues. 

© 2013 Elsevier Ltd. All rights reserved. 


1. Introduction 

The importance of bioenergy to ensure continuous sustainable 
energy supply has been widely recognized. Biomass energy is a 
good alternative to replace fossil energy as it has the ability to mit¬ 
igate greenhouse effects, pollutant emissions as well as climate 
change [1-3]. In general, biomass residues as renewable energy 
sources have been widely studied as they are abundant, low cost, 
C0 2 neutral and content negligible amount of (S) sulphur and (N) 
nitrogen [4-9]. In a broader context, biomass can be described as 
solar energy stored in the form of chemical energy through chem¬ 
ical bonding of (O) oxygen, (C) carbon, and (H) hydrogen atoms [7]. 
When biomass is burned, the energy stored is converted into ther¬ 
mal energy and C0 2 is released into the atmosphere. The released 
C0 2 will be recaptured by the regrowth of the green plants through 
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photosynthesis. Thus, biomass energy has been considered as a 
carbon-neutral fuel through this bio-cycle of carbon between the 
biomass and atmosphere [4,8,10]. 

According to the statistics of International Energy Agency (IEA) 
in 2005, biomass and its residues accounted for 10 of primary en¬ 
ergy demand worldwide [6,9]. Unfortunately, in Malaysia, only 0.5 
of the required energy demand came from renewable sources 
whereas about 93 of energy consumption was generated from 
the fossil fuel for the same period [2]. According to the rapid in¬ 
crease in energy demand in Malaysia, which is expected to reach 
100 Mtoe (million tonnes of oil equivalent) in 2030, new alterna¬ 
tive must be found in order to reduce the dependency on fossil 
fuels. Owing to this fact and the fluctuation price of fossil fuels, 
the government has targeted the renewable energy as the fifth fuel 
after oil, gas, hydro and coal, initiated under the Third Outline Per¬ 
spective Plan (OPP3) for a 10 years period (2001-2010) [11] and 
Eight Malaysian Plan from 2001 to 2005 [12]. Since Malaysia is 
one of the largest producers of palm oil, a lot of oil palm residues 
are generated from the industry through replantation, harvesting 
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and processing of the oil palm. In 2009, it has been estimated that 
17.08 MnT/year of empty fruit bunch (EFB), 12.9MnT/year of 
frond, 9.66 MnT/year of palm mesocarp fiber (PMF) and 5.2 MnT/ 
year of palm kernel shell (PKS) have been generated as residues 
from this industry [3]. Due to this fact, oil palm residues seem to 
have great potentials to become an alternative source of energy 
for the country. 

However, it is quite challenging for direct utilization of oil palm 
residues as feedstock for fuel production such as gasification or 
pyrolysis. Most of the palm plantations and their processing plants 
are located in rural areas. Due to the distance and high moisture 
content of oil palm residues, the raw materials are exposed to fun¬ 
gal attack and biodegradation during storage and transportation 
[5,10,13]. The high moisture content which can reach as high as 
60% of for certain residues also can complicate the combustion pro¬ 
cess for energy production if use untreated since a lot of liquid will 
be generated from the process [5,9-11]. Moreover, these residues 
also have relatively low calorific value, high O/C ratio and energy 
density [4,9,13]. Tenacious and fibrous nature of these residues 
also leads to poor grindability [9,10,13]. Additionally, a very high 
load of biomass is required to generate equivalent amount of en¬ 
ergy when compared to fossil fuel such as coal [10]. To overcome 
these drawbacks, pretreatment of these residues is necessary and 
torrefaction process is the one of the viable option to be used. 

Torrefaction is a thermal pre-treatment process for biomass at 
temperature range of 200-300 °C in an inert atmosphere [4-6,8- 
14]. This process modifies the physiochemical properties of bio¬ 
mass and drastically reduces the amount of moisture in the bio¬ 
mass. Generally, torrefaction degrades mostly hemicellulose 
fraction of the biomass, whereas the degradation extents of cellu¬ 
lose and lignin is strongly depended on the torrefaction tempera¬ 
ture [6,9]. During the process, light volatiles are released and 
carbonization reaction takes which increase the heating value of 
the torrefied biomass. [6]. The advantages of torrefied biomass 
over raw biomass include lower moisture content, higher C content 
and lower O/C ratio. All these alterations lead to prolong the stor¬ 
age duration of the treated biomass, increase its heating value, im¬ 
prove its grindability and increase its reactivity during combustion 
or gasification process [4-6,9,10,13]. 

In literature, experimental torrefaction studies are mostly re¬ 
ported for woody and grass biomass including wood dusts [14] 
beech [15-17], eucalyptus [10], willow [13,15,16,18], larch 
[15,16], and canary grass [13]. In addition, torrefaction of agricul¬ 
tural lignocellulosic residues, such as wheat straw [15,16,13] are 
discussed in few literatures. Most of the findings show improve¬ 
ments of physical and chemical properties of the biomass when 
subjected to torrefaction including grindability [10], fuel quality 
[5] and feedstock quality [6,7] of the studied biomass. In addition, 
Prins et al. proposed a kinetic model of torrefaction [15], and re¬ 
ported the details of torrefaction mass balance [16]. Moreover, 
Uslu et al. have reported on the comparison of torrefaction, fast 
pyrolysis and pelletization from the viewpoint of the international 
bioenergy logistics [14]. Most interestingly, Almeida et al. has re¬ 
cently shown that the mass loss is a good indicator on the severity 
of the torrefaction of eucalyptus wood and bark [19]. 

Although a number of studies have been performed on torrefac¬ 
tion of agricultural residues, less attention had been paid on torre¬ 
faction of oil palm residues. In literature, only Uemura et al. has 
discussed in details the torrefaction of empty fruit bunches (EFB), 
palm mesocarp fiber (PMF) and palm kernel shell (PKS) [20]. How¬ 
ever, their study is based on torrefaction of these residues for a per¬ 
iod of 30 min. In our opinion, the torrefaction process reported in 
this work does not go until completion in the stipulated duration. 
Since torrefaction is a time dependent process, the quality of the 
torrefied products, mass and energy yields is greatly affected by 
the period of torrefaction. Moreover, the origin of the biomass 


residues must be taken into consideration because the chemical 
and physical properties of these residues are dependent on the 
location of which their trees are planted. Taking into consideration 
of the limited data on torrefaction of palm oil residues, this study is 
conducted by using oil palm residues collected for different loca¬ 
tion that that is reported by Uemura et al. [20]. The main objective 
of this study is to investigate the change in properties of oil palm 
residues subjected to prolong torrefaction process of 2 h. Also, this 
study is conducted to determine if the mass loss is a good indicator 
on the severity of torrefaction process on palm oil residues as it is 
for eucalyptus wood and bark [19]. The main emphasis has been 
given to the mass loss as an indicator of torrefaction severity, ele¬ 
mental composition, mass and energy yields. 


2. Experimental 

2 A. Materials 

In this study, EFB, PMF and PKS of fresh fruit bunch (FFB) of oil 
palm (E. guineensis) are tested. These three types of oil palm resi¬ 
dues are collected from FELCRA Nasaruddin plantation located in 
Bota, Perak (4° 21' 10.50" North, 100° 54' 20.33" East) Malaysia. 
Several operational units are involved during the separation of 
EFB, PMF and PKS from FFB of oil palm once they are transported 
to the oil palm mill. After stripping off all fruit-lets from the ster¬ 
ilized fresh fruit bunches during milling process, EFB is produced 
as the by-product. PKS is produced after cracking of nuts and 
extraction while PMF is extracted after oil extraction and nuts sep¬ 
aration. All the materials are oven dried at 105 °C for 24 h. Then, 
the raw materials are grinded and sieved into two particle size 
ranges of 250-355 pm and 355-500 pm before being stored in 
air-tight container and used without any pre-treatment. 


2.2. Torrefaction process 

A tube furnace, model TSH17/75/450-2416-2116, manufactured 
by Elite Thermal Systems Limited is used for torrefaction process. 
Nitrogen gas flow and heating rate are fixed at 100 ml min _1 and 
at 10°C/min, respectively. For each measurement, approximately 
2 g of sample is placed in the furnace. A temperature programme 
consisted of a dynamic heating period and an isothermal heating 
period is used to control the torrefaction process. Specifically, the 
temperature is raised from room temperature to 50 °C and the 
heating continued until it reached to 120 °C. Then, the temperature 
is held for 10 min. Next, the temperature is raised from 120 °C until 
it reached the desired value of 220, 260 and 300 °C, respectively. 
Once the tube furnace reached to the final torrefaction tempera¬ 
ture, the sample is continuously torrefied for two hours. 


2.3. Elemental analysis (CHNS) and calorific value determination 

Elemental analysis is conducted to measure the C, H, N and S 
content in the untreated and torrefied biomass. The LECO CHNS 
elemental analyser is operated with constant helium flow at 
1000 °C. For each measurement, approximately 2 mg of sample is 
used. Meanwhile, the calorific value is measured by using IKA- 
WERKE C5000 bomb calorimeter. The sample is weighed and 
placed into plastic crucible and tied with cotton twist attached to 
the bomb. The measured calorific value is the high heat value 
(HHV) which includes the heat of condensation of water vapor pro¬ 
duced in the combustion. 
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3. Results and discussions 

3.1. Mass loss analysis 

During torrefaction process, biomass materials are subjected to 
mass loss. This is mainly due to the expulsion of moisture from the 
biomass and thermal degradation of the chemical components of 
the biomass namely cellulose, hemicellulose and lignin. The degra¬ 
dation of these chemicals produces volatile matters including some 
organic acids and gases and these products are released from the 
solid biomass [19]. In general, the mass loss (ML) can be calculated 
as shown in Eq. (1). 


ML = M 0 - M t /M 0 x 100 (1) 

where M 0 is the initial mass and M t is the final mass after torrefac¬ 
tion process. 

The mass loss for EFB, PMF and PKS with the particle size of 
250-355 pm and 355-500 pm are presented in Fig. 1. In general, 
the mass loss of these oil palm residues increases with the increase 
of the torrefaction temperature. Among these residues, PKS shows 
the lowest mass loss. Even at the highest torrefaction temperature 
of 300 °C, PKS only lost 39% of its original mass whereas both EFB 
and PKS loss more than 50% of their original mass. Although torre¬ 
faction process is used to improve the quality of untreated bio¬ 
mass, severe mass loss should be avoided because it will affect 
the mass and energy yields of the process. Typically, the mass loss 
of the torrefied materials must be kept to be below than 50% to en¬ 
sure the economics of the process. Therefore, it has been shown 
that for EFB and PKS, the torrefaction temperature must be kept 
below 260 °C whereas PKS can be torrefied up to 300 °C to ensure 
the mass loss of 50% or less. Similar results are reported by Uemura 
et al. although it should be highlighted that their torrefaction pro¬ 
cess is done at shorter duration (0.5 h) [20]. 

In term of the particle size, the obtained results show no signif¬ 
icant dependency on particle size for the mass loss for the two par¬ 
ticle size ranges that we choose, i.e. 250-355 pm and 355-500 pm. 
Theoretically, the smaller particle size will produce higher mass 
loss because there will be more surface area where the mass trans¬ 
fer can occur during the process. However, mass loss is also de¬ 
pended on the rate of reaction during torrefaction process. If the 
surface area is sufficient to transfer the volatiles, then the effect 
of the particle size on the mass loss becomes negligible. Couhert 
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Fig. 1 . Mass loss of torrefied oil palm biomass size: (a) 250-355 pm and (b) 355- 
500 pm. 
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et al. also reported similar findings where they stated that particle 
sizes below 500 pm does not exert any influence on the torrefac¬ 
tion process rate [17]. Since the grinding process used to produce 
smaller particles is energy intensive, it is more beneficial to pro¬ 
duce the larger particle size i.e. 355-500 pm in order to reduce 
the energy requirement of the grinding process. 

One of the objectives for this study is to analyse if mass loss can 
be used as a synthetic indicator on the severity of torrefaction pro¬ 
cess as suggested by Alemida et al. [19]. Since fixed carbon content 
and calorific value are two of the parameters normally used to 
indicate the severity of the torrefaction process, these two param¬ 
eters are plotted against the mass loss of EFB, PMF and PKS and the 
results are presented in Figs. 2 and 3, respectively. The data from 
the two ranges of particle size are presented in these figures. These 
figures clearly indicate that there are linear correlations between 
carbon content and calorific value of the torrefied oil palm residues 
with mass loss. This observation suggests mass loss can be used as 
synthetic indicator on the severity of torrefaction process. The 
findings offer a significant advantage for small and medium scale 
operators. Currently, most of the torrefaction operations are lo¬ 
cated in rural areas and the capital and operational investments 
for the process are generally medium or small, monitoring the 
quality of the products is one of the challenges faced by the oper¬ 
ators. Since mass loss can be easily monitored and calculated with¬ 
out the usage of analytical instruments, it offers a cheap and 
reliable method for the operators to ensure the quality of their 
products. 

3.2. Mass and energy yields 


The mass and energy yields (Y mass and Y en ergy) are defined in 
Eqs. (2) and (3) as below: 

^mass(%) = (mass after torrefaction/mass before torrefaction) 
x 100 


yenergy (%) — ^mass X (CxCl/^torrefied biomass/CxCV^ raw biomass) 
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Fig. 2. Carbon content as function of mass loss for: (a) EFB (b) PMF and (c) PKS. 













































824 


K.M. Sabil et al./Applied Energy 111 (2013) 821-826 


25.0 
23.0 
21.0 
19.0 
17.0 

15.0 
25.0 

^ 23.0 

i. n o 

| 19.0 

17.0 

15.0 
25.0 

23.0 
21.0 
19.0 
17.0 
15.0 

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 

Mass loss (%) 

Fig. 3. Gross calorific value as function of mass loss for: (a) EFB (b) PMF and (c) PKS. 

The mass and energy yields for EFB, PMF and PKS are illustrated 
in Fig. 4. As expected, the mass yield of the oil palm residues de¬ 
creases with the increase of torrefaction temperature. Among the 
three types of residues, EFB has the highest decrease of mass yield 
followed by PMF and PKS when the torrefaction temperature is in¬ 
creased from 220 °C to 300 °C. As discussed earlier, there is no sig¬ 
nificant change on the data produced for both particle size ranges 
studied. 


Similarly, the results shows the energy yields of EFB, PMF and 
PKS decrease as the torrefaction temperatures increased. Among 
the residues, PKS shows the highest energy yield followed by 
PMF and EFB at any given torrefaction temperature. The energy 
yield of PKS at size 250-355 pm can be retained around 91.3 at 
220 °C. However, after torrefaction at 300 °C, the energy yield of 
PKS slightly reduced to 72.4. It may be due to the decrease in the 
mass yield due to the thermal degradation process. PKS can be 
torrefied up to 260 °C in order to maintain energy yield more than 
84 whereas both EFB and PMF should be torrefied below than 
220 °C where it can retain the energy yield around 70-80. As a 
comparison, we calculated the energy yields from the data re¬ 
ported by Uemura et al. [20] for the oil palm residues collected 
in Kelantan, Malaysia. For example, the energy yield for PKS calcu¬ 
lated from their data at 300 °C is 79.2%, which is only 5% higher 
than our findings reported in Fig. 4. The discrepancy mainly due 
to the different torrefaction time used in their study (0.5 h) and 
this study (2 h) as torrefaction process is strongly dependent on 
the reaction time. Moreover, the geological factor of the location 
of the plantations, the age of the trees where the residues are col¬ 
lected also may contribute to the discrepancy between the results. 

3.3. Calorific value and CHNS analysis 

The calorific value and CHNS analysis for untreated and torr¬ 
efied EFB, PMF and PKS are presented in Table 1. In general, the 
raw materials consist of 45-47 of carbon (C) content, 5 of hydrogen 
(H) content, 46-49 of oxygen (0 2 ) content with negligible nitrogen 
(N) and sulphur (S) content while the gross calorific value (GCV) 
was in the range of 18.1-18.9 MJ/kg. Both analyses exhibited sig¬ 
nificance changes especially at higher torrefaction temperatures. 
In particular, the GCV and C content increase with the increasing 
of torrefaction temperature whereas the O/C ratio, H and 0 2 con¬ 
tent decrease. These results seem to be in the agreement with 
the literatures [13,20]. The exception is the N content which re¬ 
mains less than 2 for all torrefaction conditions. As for S content, 
at any torrefaction conditions, it always approached to zero. 
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Fig. 4. Mass and energy yields for: (a) EFB (b) PMF and (c) PKS. 
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Table 1 

Calorific and CHNS analysis for torrefied EFB, PMF and PKS. 


Biomass 

Torrefaction temperature (°C) 

Elemental analysis (da/,%) 

C H N 

S 

O 

O/C ratio 

GCV (MJ/kg) 

EFB 

Raw 

45.81 

5.15 

0.43 

0.13 

48.48 

1.058 

17.38 

250-355 pm 

220 

47.20 

4.56 

1.52 

0.07 

46.65 

0.988 

17.84 


260 

47.91 

4.47 

1.76 

0.07 

45.80 

0.956 

19.76 


300 

51.31 

4.04 

1.24 

0.04 

43.38 

0.846 

22.59 

EFB 

Raw 

44.60 

5.48 

0.37 

0.18 

49.37 

1.107 

18.04 

355-500 pm 

220 

48.33 

4.72 

1.25 

0.08 

45.62 

0.944 

18.90 


260 

49.63 

4.51 

1.27 

0.07 

44.53 

0.897 

19.89 


300 

51.56 

4.19 

1.43 

0.11 

42.72 

0.828 

22.42 

PMF 

Raw 

45.82 

5.26 

0.57 

0.15 

48.20 

1.052 

18.09 

250-355 pm 

220 

48.12 

4.53 

0.97 

0.06 

46.32 

0.963 

19.67 


260 

51.73 

4.30 

1.45 

0.17 

42.35 

0.819 

20.21 


300 

52.81 

3.64 

0.99 

0.04 

42.52 

0.805 

23.10 

PMF 

Raw 

46.91 

5.44 

0.63 

0.11 

46.92 

1.000 

18.16 

355-500 pm 

220 

47.65 

4.73 

1.34 

0.06 

46.22 

0.970 

19.67 


260 

50.50 

4.27 

1.56 

0.09 

43.59 

0.863 

20.75 


300 

51.50 

3.78 

1.65 

0.04 

43.02 

0.835 

23.73 

PKS 

Raw 

46.76 

5.85 

0.49 

0.12 

46.78 

1.000 

18.16 

250-355 pm 

220 

46.80 

5.38 

0.88 

0.08 

46.89 

1.003 

19.72 


260 

51.70 

4.75 

0.48 

0.03 

43.04 

0.832 

20.35 


300 

58.70 

4.57 

1.03 

0.03 

35.63 

0.606 

21.54 

PKS 

Raw 

45.00 

6.21 

0.42 

0.18 

48.19 

1.071 

18.91 

355-500 pm 

220 

46.84 

5.78 

0.91 

0.02 

46.45 

0.992 

19.78 


260 

48.20 

5.06 

0.97 

0.13 

45.61 

0.946 

20.83 


300 

55.60 

4.71 

0.93 

0.08 

38.73 

0.697 

22.86 


Specifically, the C content of both particle sizes is in the range of 
45-51 for EFB, 46-52 for PMF and 45-58 for PKS. After torrefaction 
at the temperature of 300 °C, PKS contained the highest C content 
with 58.7 followed by PMF with 52.81 and EFB with 51.56. The 
increment of the C content for PKS was around 20 as compared 
with the raw PKS. Thus, these results indicated that torrefaction 
process had greatly increased the C content of PKS compared to 
PMF and EFB for both particle sizes. 

Figs. 5 a-b show gross calorific value (GCV) of raw and torrefied 
biomass as function of torrefaction temperature for size of 250- 
355 pm and 355-500 pm. From these figures, it can be summa¬ 
rized that GCV is dependent on the torrefaction temperature. The 
increase in GCV is mainly related to the increase of C content 
[13,20]. During torrefaction, biomass loses relatively more oxygen 
and hydrogen compared to carbon due to dehydration and forma¬ 
tion of volatile products such as acetic acid, furans, methanol and 
gases, mostly C0 2 and CO. All of these products contain a consider¬ 
able amount of oxygen. An increase of the calorific is the main re¬ 
sult from this. At torrefaction of 260 °C, PKS and PMF (size 355- 
500 pm) have almost similar GCV of 20.83 MJ/kg and 20.75 MJ/ 
kg, respectively. However, at torrefaction of 300 °C, PMF has much 
higher GCV of 23.73 MJ/kg as compared to that of PKS (22.86 MJ/ 
kg). Overall, the results show torrefaction process improves the 
GVC for all the oil palm residues and the improvement is temper¬ 
ature dependent. Due to an increase of GCV, it has been shown that 
energy content of these residues is enhanced by torrefaction 
process. 

Moreover, the O/C ratio is calculated for all the samples. Due to 
higher C content coupled with lower O content in the torrefied sol¬ 
ids, the O/C ratio decrease with the increase of torrefaction temper¬ 
ature as shown in Fig. 6(a) 250-355 pm and (b) 355-500 pm), 
respectively. These results also seem to be in line with the litera¬ 
tures [13,20]. After torrefaction at 300 °C, PKS has the lowest O/C 
ratio with 0.606, followed by PMF with 0.805 and 0.828 for EFB. 
The reduction of O/C ratio for PKS is about 39 when compared with 
raw PKS. As previously discussed, the main reduction of O content 
during torrefaction process is due to the consumption of the 




Fig. 5. Gross calorific value of torrefied biomass as function of torrefaction 
temperature for: (a) size 250-355 pm and (b) size 355-500 pm. 


elemental oxygen during the thermal decomposition of the bio¬ 
mass due to unavailability of external 0 2 [6,9]. 
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Fig. 6. Distribution of 0/C ratio of raw and torrefied biomass as function of 
torrefaction temperature for: (a) size 250-355 pm and (b) size 355-500 pm. 


4. Conclusions 

In conclusion, the influence of torrefaction process on the phys¬ 
icochemical properties of EFB, PMF and PKS has been investigated. 
It has been shown that the CHNS content and gross calorific values 
of these residues are affected by the type of the residue and torre¬ 
faction temperature. Moreover, the mass and energy yields of the 
torrefied solids are also dependent on the same parameters. Also, 
we have shown that the mass loss is a good synthetic indicator 
to monitor the severity of torrefaction process since it has linear 
correlations with C content and gross calorific values for all of 
the residues studied. 
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